The INO80 complex, including the Ino80 protein, forms a highly conserved canonical complex that remodels chromatin in the context of multiple cellular functions. The Drosophila homologue, dIno80, is involved in homeotic gene regulation during development as a canonical Pho-dIno80 complex. Previously, we found that dIno80 regulates homeotic genes by interacting with epigenetic regulators, such as polycomb and trithorax, suggesting the occurrence of non-canonical Ino80 complexes. Here using spectroscopic methods and gel retardation assays, we identified a set of consensus DNA sequences that DNA binding domain of dIno80 (DBINO) interacts with having differential affinity and high specificity. Testing these sequences in reporter assays, showed that this interaction can positively regulate transcription. These results suggest that, dIno80 has a sequence preference for interaction with DNA leading to transcriptional changes.
INTRODUCTION
In eukaryotes, the chromatin provides the platform for the interaction of various regulatory factors to control transcription temporally as well as spatially. This regulation operates through post-replication modification of DNA (1-2) and the post-translational modification of histones (3) (4) . The most significant epigenetic marks are the covalent modifications of DNA and histone proteins associated with DNA, in particular DNA methylation (1) and histone tail modifications, such as acetylation, methylation, phosphorylation, ubiquitination, ADP ribosylation, and glycosylation (5) . These marks are recognized by the ATP-dependent chromatin remodeling complexes which are multi-protein complexes that modulate chromatin dynamics (6) .
All known ATP-dependent chromatin remodeling enzymes belong to the helicase superfamily 2 (SF2), as their ATPase domain harbours seven motifs that are characteristic of helicases (7) . (12) .
The INO80 protein was identified in a screen for mutants for inositol biosynthesis (13) . As evidenced by its role in phospholipid biosynthesis, yINO80 (yeast INO80) brings about the positive as well as negative regulation of several promoters (14) (15) . The INO80 ATPase is a member of the SNF2 family of ATPases and functions as an integral component of a multisubunit ATP-dependent chromatin remodeling complex. The INO80 subfamily is conserved from yeast to higher organisms and there the well-known INO80 complex has highly conserved subunit composition (16) (17) (18) . In previous work, the human and the Drosophila homologues of Ino80 have been identified (16) (17) . Klymenko et al., (19) identified dIno80 as a part of a complex that contains Pho (Pleiohomeotic) in Drosophila. The INO80 homologues from Drosophila as well as human was shown to interact with the factors that are similar to those known for the well characterized INO80.Com in Saccharomyces cerevisiae (18) . This can be considered as the canonical complex. Some of the proteins present in the complex that have attracted attention are the Actin Related Proteins, ARPs. Among the ten ARPs known in S. cerevisiae, six (Arp 4-9) are known to be associated with chromatin regulating complexes (20, 21) . However, both the Drosophila and the human canonical complex of INO80 contain fly specific and mammalian specific proteins respectively, in addition to the conserved members like SNF2 family ATPase, AAA + ATPases Tip49a and Tip49b, ARPs and Ies2 and Ies6 proteins (22) .
The role of dIno80 in Drosophila and its interaction with PcG-trxG complex was demonstrated in previous reports from our lab (23) (24) . The effect of INO80 complex on transcription is linked to the function of the transcription factors yin yang 1 (YY1) in mammals and Pleiohomeotic (Pho) in D. melanogaster, which are part of the INO80 complex (12, 19, 25) . In addition to
Pho/YY1, the INO80 complex contains two AAA+ ATPases (ATPases associated with variety of cellular activities) referred to as RUVBL1 (in mammals and Reptin in D. melanogaster) and
RUVBL2 (in mammals and Pontin in D. melanogaster). Ino80, along with Reptin and Pontin,
has also been reported to be involved in immunoglobulin class-switch recombination by regulating the cohesin activity (26). The proteins Reptin and Pontin have well documented role in embryonic development as members of PcG-trxG protein complexes (19, 28) . The Pho independent function of dIno80 has been demonstrated (24). In addition, it is known that loss of function mutants of dIno80 show embryonic lethality, implicating the essential role of dIno80 in developmental gene regulation (23) . The INO80 subfamily functions in diverse cellular processes and is reported to interact with promoters of pluripotency genes, dependent on Oct4/WDR5 binding (22, 28) . In an independent investigation, we have demonstrated that the hIno80 exerts transcriptional regulation through its DNA binding domain (DBINO) (17, 29) . This study identified a consensus sequence motif (GTCAGCC) through which the hIno80 protein interacts with chromatin.
In the light of the interaction of dIno80 with polytene chromosomes (24) and the known DNA 
MATERIALS AND METHODS

Purification of recombinant DBINO domain of dIno80
The 5238 bp cDNA clone (Flybase Id: FBcl0292012) of dIno80 was obtained from Drosophila Genomics Resource Center, Bloomington. The cDNA from embryonic mRNA was also synthesized. 
FID (Fluorescence Intercalator Displacement) assay
FID assay is based on the displacement of ethidium bromide from the double-stranded DNA oligo (30). The steady-state fluorescence emission intensity measurements were performed with a Spex Fluoromax-4 spectrofluorimeter. Excitation and emission slits with a nominal band-pass of 5
nm were used for all measurements. Background intensities of samples without protein were subtracted from each spectrum to avoid any contribution from solvent, Raman peak, and other scattering artefacts. The fluorescence titration was performed using fixed concentration of dsDNA (1 μM) and varying concentrations of DBINO protein (0.2-5 μM). The DNA: EtBr ratio was kept as 1:0.5. The dsDNA oligo was prepared by annealing the single stranded oligo and its reverse complement oligo at 100 μM concentration in the annealing buffer (10mMTris-Cl pH-7.5-8.0, 50mMNaCl and 1mM EDTA). The oligo sequences are given in Table S1 . All buffers used were filtered through 0.2 micron filters. The mixtures were stirred continuously in a 1.0-cm path length cuvette to ensure homogeneity and all titrations were carried out at 20 o C. The EtBr-DNA sample was excited at 480 nm in 20mM HEPES pH7.0 and 50mMNaCl buffer. The emission was measured at 500-700 nm wavelength range. Further an aliquot of protein was added until there was no further change in fluorescence intensity in emission spectrum. The change in fluorescence intensity at 600 nm (λ max for EtBr) was then used to interpret the data. The data was analyzed using the double reciprocal plot.
Electrophoretic Mobility Shift Assay
The oligonucleotide sequence having three Ino80 binding motif was cyanine (Cy3) labeled at the 5' end. The reverse complement of the same sequence was also synthesized. The list of oligonucleotide sequences is given in the Table S1 . The oligos were annealed in the annealing buffer (10mMTris-Cl pH-7.5-8.0, 50mMNaCl and 1mM EDTA). The nuclear extract was in the ratio of 1:1 to 1:10 was added in different reaction sets for analyzing the specificity of interaction. Similarly, the cold non-specific probes were also analyzed. For the variants of Hs.con, the oligos listed in Table S1 were used.
Cell Culture and Reporter Assays
The S2 (Schneider 2) cell lines have been derived from a primary culture of late stage (20- were normalized to the endogenous control, Rpl32 from the respective cell types. The normalized values were compared. We analysed the relative gene expression, using the 2 -ΔΔCT method (32).
The primers used are as follows: ino80 Fp: 5'-GGGAACGTCTTCACCCCTAC-3', ino80 Rp:
. This was performed in three biological replicates each in triplicate. The test of significance used is Student's t-test (twotailed).
In silico analysis and gene ontology classification
The binding peaks for Ino80 were retrieved from the public database. The dIno80 ChIP-chip data is available on gene expression omnibus (Accession number GSE32404) (33) The Pho ChIP-seq data was retrieved from Schuettengruber et al., (34). The overlapping and unique regions with pho and dIno80 binding sites were extracted using bedtools. Further the genes mapping within ±2.0kb of the peaks were identified using UCSC table browser (Drosophila reference genome, release -dm6, August 2014). These genes were grouped into overlapping and unique Pho and dIno80 putative targets. The Gene Ontology classification at the level of biological process of the genes was performed using PANTHER v12 tool (35).
Drosophila stocks
Wild-type (Canton-S) D. melanogaster was used in all the experiments and were maintained on corn agar medium at 25 °C.
RESULTS
DNA binding activity of dIno80
The human and the (16) (17) . We cloned and purified the DBINO domain of dIno80 in pMAL-c2x
vector yielding a 42kDa protein product (Fig. 1, A and B). The identity of the protein was confirmed using the mass spectroscopy analysis by the detection of unique peptides with at least 5 peaks as shown in the representative spectra for one of the peptides KLGQGSEEDQLR ( Fig. 1 C) .
We identified a total of 11 unique peptides mapping to DBINO domain of dIno80 protein out of which 4 peptides showed 5 peaks.
The interaction of the purified DBINO domain of dIno80 with Hs.con sequence, was analyzed by
Fluorescence Intercalator Displacement (FID) assay ( (Fig. 2 C) . The low affinity could be because the purified 279 amino acid peptide corresponding to the DBINO domain was used in these assays; while the INO80 complex is the functional form within the cell. Considering this we have carried out the binding assays with nuclear extract as described in the next section.
Analysis of DNA binding activity of the native dIno80 in nuclear extract
We examined the interaction of dIno80 with the predicted Hs.con motif by Electrophoretic Mobility Shift Assay (EMSA) using nuclear extracts from Canton-S (Fig. 3 A) . The nuclear extract from third instar larvae was used in these assays with Cy3 labeled double-stranded oligonucleotide having three copies of the Hs.con sequence at 1:1 to 1:50 molar ratios of oligo:
protein. The amount of oligo used was 2 picomoles which is 0.086μg of DNA and the protein was varied from 0.2-10μg. The binding is detected at a molar ratio of 1:5 and it increases in a concentration dependent manner (Fig. 3 A) . The intensity of the bound oligo as well as the extent of shift increases with an increase in protein concentration, as shown by higher shifted bands.
Using the densitometric analysis of the gel, the K d for binding was found to be 3.1μM (Fig. 3 B) .
The specificity of the interaction of the nuclear extract with the DNA probe was tested using boiled nuclear extract, bovine serum albumin as non-specific protein (Fig. S1 A) , and proteins remaining in the nuclear pellet as control extracts (Fig. S1 B) . None of these samples were able 1 0
to interact with the Hs.con sequence and hence, no shift was visible on the gel (Fig. S1 ). Due to the lack of anti-dIno80 antibody we could not carry out supershift assays. In a study involving the ARP containing sub-complex of the Ino80 complex, the authors consider affinities less than 5000nM (5μM) as specific interactions (36).
The specificity of interaction was also confirmed by comparing the EMSA with the nuclear extract from larvae with heterozygous deletion for dIno80 and the wild type (dIno80 +/-vs.
dIno80
+/+ ) with increasing probe: protein ratio (1:1-1:100; Fig. 4 A) . The copy number of dIno80 wild type gene is different in the two cases, with deletion mutant having only one functional copy of the gene. We could not use nuclear extract from dIno80 null mutants as they are non-viable. The relative intensity of the retarded band was compared between the wild type and the mutant at the same oligo: protein ratio. The intensity of the band in dIno80 +/+ was compared with that in dIno80 -/+ at six different ratios of oligo to protein, ranging from 1:1 to 1:100. The extracts from heterozygous mutant larvae showed decreased intensity of the retarded band as seen from densitometric profile (Fig. 4 B) . At 1:1 (probe: protein) ratio, no retardation was seen in both genotypes. The retarded band obtained using heterozygous larvae (dIno80
showed nearly 50% less intensity as compared to wild type larvae (dIno80 +/+ ) at 1:5 probe:protein ratio. However, at higher molar ratio (1:100 probe:protein), the relative band intensity is almost the same for both the wild type and mutant larval extracts, due to saturation of the probe and the protein complex. The extract is prepared from the heterozygous mutant larvae, having reduction in protein levels by half only. This explains the possible saturation of all the binding sites at the higher molar ratio of probe: protein.
To determine the specificity of the interaction, we tested the displacement of Cy3-specific oligo by unlabeled (cold) specific and non-specific oligonucleotides in competitive EMSA (Fig. 5 A) .
The binding of the probe was competed out by the unlabeled specific oligo at a molar ratio 1:5 (Cy3-labeled to unlabeled specific oligo). The displacement was almost 60% at the molar ratio of 1:10 (Fig. 5 B) . The non-specific unlabeled oligonucleotide failed to compete out the specific labeled oligo, thus, establishing the specificity of the interaction (Fig. 5 A) . The specificity of this interaction was further strengthened by lack of competition by random oligonucleotide containing a scrambled sequence of human consensus motif (11mer) in three biological replicates, which failed to compete out the labeled Hs.con (Fig. 5 C) .
To further confirm the specificity of interaction of dIno80 with Hs.con, the nuclear extract from The pGL3, BS-up and BS-dn plasmids were transfected into S2 cells and luciferase activity was measured. We observed a significant up-regulation (6.88 fold) of luciferase activity in pGL3-BSup relative to the expression from the empty vector (Fig. 6, p-value=0 .00017, Student's T-test).
To examine, the specificity of this regulation, dIno80 was knocked-down with siRNA, which led to the reversal of reporter gene expression (0.71 fold, p-value= 0.0004, Student's T-test) to the levels similar to pGL3 control ( are a few variations in the amino acid sequence. Therefore, we tested variant oligonucleotides for their interaction with dIno80, replacing one/two nucleotide(s) at a time. We evaluated the relative binding affinity of DBINO domain for the variant sequences using the FID assay. All the variants, except V6, had higher affinity than Hs.con (Table 1) . The specificity of this interaction was demonstrated by the failure of the random sequence to displace EtBr in FID assay.
We further examined the interaction of the dIno80 in nuclear extract with the variant sequences.
The variants were used as cold competitors against Cy3 labeled Hs.con oligonucleotide (CCCCGTCAGCC; Fig. 7 A) . The increasing molar ratio of labeled to unlabeled probe was used
(1:1, 1:2 and 1:5). All the variant sequences, except V7, displaced Hs.con at 1:5 ratio and some at lower ratios. The variant V1 (CCCCGTCAGTT) and V3 (CCCCGGCAGCC) showed higher affinity for DBINO domain of dIno80 as they almost completely displaced the Cy3-Hs.con oligo at 1:2 molar ratio. The variant V7 (CCCCGTTAGCC) was unable to compete with the Hs.con motif for binding unlike the other variant sequences (Fig. 7 B) .This reflected the importance of certain positions within the motif for interaction. To confirm the higher binding affinity of dIno80 to the variant oligoes, we performed a competitive EMSA with Cy3 labeled V1 oligonucleotide at 1:5 molar ratio (probe: protein) and used Hs.con as the competing oligo (Fig.   S4 ). The V1 variant, even at 1:10 ratio, was only marginally competed out by Hs.con. This further confirmed that the dIno80 protein recognized variants of the Hs.con sequence with different affinity, in concordance with the spectroscopic analysis carried out with purified DBINO domain. Thus, dIno80 has differential affinity for variants of Hs.con, which can result in dynamic interaction of the protein at different genomic positions depending on the abundance of dIno80 in the tissue. This is discussed further in the later section.
In order to investigate the effect of variant sequences on the regulatory function of dIno80, these sequences were cloned in pGL3 and luciferase expression was assayed (Fig. 8, A-C) . The pGL3 constructs containing the variants V1-V4, both upstream and downstream of the reporter gene were used in these assays. We observed that the up-regulation of reporter expression with variant sequences was higher than with Hs.con motif (Fig. 8, A and B) . These results correlated with the results of the spectroscopy and EMSA experiments, dIno80 had higher affinity for the variants of the human consensus motif. In comparison to Hs.con, reporter expression was significantly different with the variants V1 and V4 when cloned upstream (Fig. 8 A) , while all four variants led to increased expression when cloned downstream (Fig. 8 B) . The V1 variant showed the highest effect on the reporter gene expression, which corresponds to the in vitro interaction results. The specificity of this reporter gene expression was also tested by knocking down dIno80 expression using siRNA duplexes. The knockdown of dIno80 led to lower expression of dIno80 and hence, reversal in the up-regulation of the reporter gene expression to the basal level as in the control vector (Fig. 8 C) . The reason for the difference in the reporter expression in BS-dn clones of Hs.con and the variant sequences was not clear at this stage.
Genome-wide analysis of dIno80 and pho binding sites
To examine the correlation of Ino80 binding and the occurrence of DNA sequence motif for Ino80, we analyzed the ChIP data for dIno80 and Pho protein available in the public domain. The dIno80 ChIP-chip data was retrieved from Moshkin et al., (33) and Pho data from Schuettengruber et al., (34). These data were analyzed to identify exclusive dIno80/Pho bound regions and also the shared binding regions. We carried out a motif search using MEME-ChIP The affinity of the DBINO domain to DNA especially with the Hs.con is low; however, we observed that compared to the cloned protein, the nuclear extracts showed higher affinity to DNA (GCCGCCATTTTG), has higher affinity for the protein, similar to our observation of higher affinity of dIno80 to the variant sequences. In case of YY1, this is implicated in other functions of YY1 important for recruitment of PcG complexes but not in transcriptional repression (59) .
The binding affinity of Hs.con with the DBINO domain is low compared to that of the variant sequences. However, Hs.con shows higher affinity with nuclear extract, which can be attributed to the difference between the shorter DBINO domain and the full length dIno80 protein present in the nuclear extracts, hence the structural stability. Further, we note that the spectroscopic method used involves the fluorescence detection of external dye which gives the apparent K d (60) . More accurate methods like, isothermal calorimetry can be deployed to get the binding affinity more precisely. The higher affinity of the variant sequences in competition EMSA with nuclear extract is concordant with the increased affinity measured by FID assay. The higher affinity of the variants is also reflected in their effect on reporter expression.
It is suggested that dIno80 interacts with the genome to bring about transcriptional regulation (23) . INO80 complex is recruited to promoters of pluripotency genes by its interaction with transcription factors OCT4 and WDR5 (28). In cervical cancer cells, it was reported that INO80
localized at the TSS of Nanog, promoting its expression, and leading to cell proliferation (57).
The localization of chromatin remodeling proteins can lead to epigenetic changes, while their own recruitment may be through recognition of modified histones. Ino80 was found to be 
